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Description 



SEMICONDUCTOR OPTICAL AMPLIFIER 
SUITABLE FOR COARSE WDM 
COMMUNICATIONS AND LIGHT 
AMPLIFICATION METHOD 

Cross Reference to Related Applications 

[0001] This application is based on and claims priority of 

Japanese Patent Application No. 2003-76893 filed on 
March 20, 2003, the entire contents of which are incorpo- 
rated herein by reference. 
Background of The Invention 

A) Field of The Invention 

[0002] The present invention relates to a semiconductor optical 
amplifier and a light amplification method, and more par- 
ticularly to a semiconductor optical amplifier which in- 
duces optical amplification upon flowing current and in- 
troducing light into an active layer containing quantum 
dots, quantum wires or quantum dashes and to a light 



amplification method. 
B) Description of The Related Art 

[0003] For the cost reduction of metro optical networks and ac- 
cess optical networks, it is expected that coarse Wave- 
length Division Multiplexing (WDM) having a wide inter- 
channel wavelength (about 20 nm) will be widely used. 
Coarse WDM does not require precise control over the 
wavelengths of light sources and filters and permits a 
wavelength fluctuation to some degree. The cost reduc- 
tion is therefore possible because it is not necessary to 
use a cooler for controlling the temperature of a semicon- 
ductor laser used as a light source, or from other reasons. 

[0004] The wavelength range actually used is from 1.3 urn to 1.6 
urn. A single conventional optical amplifier having a band- 
width of about 0.05 urn cannot cover the whole wave- 
length range actually used. If an optical amplifier is to be 
prepared for each usable wavelength band, this require- 
ment contradicts the cost reduction. 

[0005] Japanese Patent Laid-open Publication No. 2002-344090 
discloses a semiconductor optical amplifier having quan- 
tum dots. Quantum dots are used in an active layer of the 
semiconductor optical amplifier so that the volume of the 
active layer can be reduced and a carrier density in the ac- 



tive layer at a limited current density can be increased. 
Since the carrier density can be increased, a gain spec- 
trum can be broadened. 

[0006] Another related art is disclosed in Japanese Patent Laid- 
open Publication No. HEI-5-267795. 

[0007] Although the gain spectrum can be broadened by using 
quantum dots in the active layer of a semiconductor opti- 
cal amplifier, the gain is largely dependent upon the 
wavelength. This semiconductor optical amplifier is diffi- 
cult to be used as a broadband optical amplifier used in 
coarse WDM. 
Summary of The Invention 

[0008] An object of the present invention is to provide a semi- 
conductor optical amplifier having a small wavelength de- 
pendency of a gain and a light amplification method. 

[0009] According to one aspect of the present invention, there is 
provided a semiconductor optical amplifier comprising: an 
active layer containing quantum structures of any of 
quantum dots, quantum wires and quantum dashes, the 
active layer amplifying light propagating therein while 
current is injected therein; electrodes provided for a plu- 
rality of sections of the active layer sectionalized along a 
light propagation direction, the electrodes being able to 



inject different currents into the sections; and a power 
supply for supplying current to the electrodes in such a 
manner that a first current density is set to at least one 
section of the active layer and a second current density is 
set to at least another section, the first current density 
being lower than a current density at a cross point and the 
second current density being higher than the current den- 
sity at the cross point, the cross point being a cross point 
between gain coefficient curves at least two different 
transition wavelengths of the quantum structures, the 
curves being drawn in a graph showing a relation between 
a density of current injected into the active layer and a 
gain coefficient of the active layer. 

[0010] with this configuration, it is possible to reduce a gain dif- 
ference between two transition wavelength ranges. 

[001 1] According to another aspect of the present invention, 

there is provided a semiconductor optical amplifier com- 
prising: an active layer containing a quantum structure of 
any of quantum dots, quantum wires and quantum 
dashes, the active layer amplifying light propagating 
therein while current is injected therein; electrodes pro- 
vided for a plurality of sections of the active layer section- 
alized along a light propagation direction, each section 



belonging to a group selected from at least two groups, 
and the electrodes injecting different currents into the 
sections; and a power supply for supplying current to the 
electrodes in such a manner that current is supplied at a 
same current density to the sections belonging to the 
same group and current is supplied at different current 
densities to the sections belonging to different groups. 

[0012] Sections at the same current density are disposed disper- 
sively. The length of each section can therefore be made 
short. It is possible to prevent light in a specific wave- 
length range from being excessively amplified so that gain 
saturation can be suppressed. 

[0013] According to still another aspect of the present invention, 
there is provided a light amplification method comprising 
the steps of: (a) injecting current into a first region of an 
active layer containing quantum structures made of at 
least ones of quantum dots, quantum wires and quantum 
dashes, at a current density satisfying that a gain coeffi- 
cient of the quantum structures at the longest transition 
wavelength of the quantum structures becomes larger 
than a gain coefficient at the second longest transition 
wavelength, and injecting current into a second region 
different from the first region at a current density satisfy- 



ing that the gain coefficient of the quantum structures at 
the longest transition wavelength becomes smaller than 
the gain coefficient at the second longest transition wave- 
length; and (b) amplifying a laser beam introduced into 
the active layer while the current is injected into the active 
layer. 

[0014] with this method, it is possible to reduce a gain difference 
between two transition wavelength ranges. 

[0015] As above, the gain can be made constant over a wide 
wavelength range by suppressing gain saturation. 
Brief Description of The Drawings 

[0016] pig. 1 is a cross sectional view of a semiconductor optical 
amplifier according to a first embodiment. 

[0017] pigs. 2A and 2B are cross sectional views of the semicon- 
ductor optical amplifier of the first embodiment and a 
semiconductor optical amplifier according to a modifica- 
tion of the first embodiment. 

[0018] Fig. 3A is a cross sectional view of an active layer of the 
semiconductor optical amplifier of the first embodiment, 
Fig. 3B is a cross sectional view of quantum dots, and Fig. 
3C is an energy band diagram of an active layer. 

[0019] Fig. 4 is a graph showing the relation between a gain co- 
efficient and a current density of a semiconductor optical 



amplifier. 

[0020] pig. 5 is a diagram showing the distribution of gain coeffi- 
cients in the active layer of the semiconductor optical am- 
plifier of the first embodiment. 

[0021] pig. 6 is a diagram showing the distribution of light inten- 
sities in the active layer of the semiconductor optical am- 
plifier of the first embodiment. 

[0022] Fig. 7 A is a graph showing the relation between an output 
light intensity and an input light intensity, and Fig 7B is a 
graph showing the relation between a noise figure and an 
input light intensity, respectively of the semiconductor 
optical amplifier of the first embodiment. 

[0023] Fig. 8 is a cross sectional view of a semiconductor optical 
amplifier according to a second embodiment. 

[0024] Fig. 9 is a diagram showing the distribution of gain coeffi- 
cients in an active layer of the semiconductor optical am- 
plifier of the second embodiment. 

[0025] Fig. 10 is a diagram showing the distribution of light in- 
tensities in the active layer of the semiconductor optical 
amplifier of the second embodiment. 

[0026] Fig. 11A is a graph showing the relation between an out- 
put light intensity and an input light intensity, and Fig 11B 
is a graph showing the relation between a noise figure and 



an input light intensity, respectively of the semiconductor 
optical amplifier of the second embodiment. 

[0027] pig. 12 is a diagram showing a change in a light intensity 
with time at each wavelength, of the semiconductor opti- 
cal amplifier of the second embodiment. 

[0028] pig. 13 is a graph showing a wavelength dependency of a 
modal gain coefficient of a conventional semiconductor 
optical amplifier. 

[0029] Fig. 14 is a diagram showing the distribution of gain coef- 
ficients in the active layer of a conventional semiconduc- 
tor optical amplifier. 

[0030] Fig. 15 is a diagram showing the distribution of light in- 
tensities in the active layer of a conventional semiconduc- 
tor optical amplifier. 

[0031] Fig. 16A is a graph showing the relation between an out- 
put light intensity and an input light intensity, and Fig 16B 
is a graph showing the relation between a noise figure and 
an input light intensity, respectively of a conventional 
semiconductor optical amplifier. 

[0032] Fig. 17 is a cross sectional view of a semiconductor opti- 
cal amplifier whose quantum structure size is changed 
along a light propagation direction. 
Description of The Preferred Embodiments 



[0033] p r j or to describing the embodiments of the invention, de- 
scription will be made on some issues accompanied by 
the operation of a conventional semiconductor optical 
amplifier. A conventional optical amplifier has the struc- 
ture that, for example, on an n-type GaAs substrate, an 
n-type AIGaAs clad layer, a GaAs lower light confinement 
layer, an active layer, a GaAs upper light confinement 
layer and a p-type AIGaAs clad layer are stacked in this 
order. 

[0034] The active layer has the structure that, for example, ten 
quantum dot layers and nine GaAs layers are alternately 
stacked. The thickness of each quantum layer is 25 nm 
and the thickness of each GaAs layer is also 25 nm. The 
quantum dot layer has a number of quantum dots made 
of InAs and irregularly distributed on the underlayer sur- 
face. The underlayer surface not disposed with the quan- 
tum dots is covered with a wetting layer made of InGaAs. 

[0035] pig. 13 shows the wavelength dependency of a modal gain 
coefficient of the active layer. The abscissa represents a 
wavelength in the unit of "nm" and the ordinate repre- 
sents a modal gain coefficient in the unit of "cm -1 ". Each 
numerical value appended to each curve shown in Fig. 13 
represents a current density injected into the active layer. 



The current density means a current per unit length of the 
active layer. The modal gain coefficient is constant even if 
the width of the active layer changes, so long as the cur- 
rent per unit length is constant. 

[0036] "Gnd" in Fig. 13 indicates the longest transition wave- 
length of quantum dots. The longest transition wave- 
length is a wavelength corresponding to a difference be- 
tween an electron ground level and a hole ground level. 
"2nd" in Fig. 13 indicates the second longest transition 
wavelength of quantum dots, and "Upper" indicates the 
third longest transition wavelength of quantum dots. 
These transition wavelengths are defined by a pair of an 
electron level and a hole level. Which pairs of an electron 
level and a hole level correspond to the second and third 
longest transition wavelengths is determined by the mate- 
rial and structure of the semiconductor optical amplifier. 
Higher order levels are very near each other so that these 
levels are usually difficult to observe distinguishably. 
Therefore, the third longest transition wavelength indi- 
cated by "Upper" in Fig. 13 may correspond to a plurality 
of electron levels and hole levels. "Wet" in Fig. 13 indi- 
cates a transition wavelength of the wetting layer. 

[0037] | n this specification, the "transition wavelength" means a 



wavelength at which the radiative spectrum of the quan- 
tum structure takes the maximum value. 
[0038] "ch.l to Ch. 8" in Fig. 13 indicate the wavelengths of re- 
spective channels, first to eighth channels used in coarse 
WDM. 

[0039] As seen from Fig. 13, the modal gain coefficient varies 
widely at each channel. For example, at an injection cur- 
rent of 100 mA/mm and an amplifier length of 25 mm, 
the gain at the eighth channel is 28 dB and the gain at the 
second channel is 150 dB. If the gain of 28 dB is retained 
at the eighth channel, low reflection film coating resistant 
to the second channel gain of 150 dB is necessary. This is, 
however, difficult. Although the gains of the channels may 
be equalized by using gain equalizing filters, the attenua- 
tion amount for the channel having a large gain is re- 
quired to be very large. This results in an expensive filter. 
In addition, power is wastefully consumed. 

[0040] pig. 14 shows the distribution of gain coefficients along a 
light propagation direction. The abscissa represents a 
wavelength in the unit of "nm" and the ordinate repre- 
sents a position along the light propagation direction in 
the unit of "mm". The gain coefficient is indicated by 
shading. Fig. 15 shows the distribution of light intensities 



along the light propagation direction. The abscissa and 
ordinate represent the same as those in Fig. 14. A light 
intensity is indicated by shading. 

[0041] | t can De seen t hat spontaneous emission occurs in the 
transition wavelength range of the wetting layer and this 
emission is amplified. Because of this amplified sponta- 
neous emission (ASE), the gain is saturated so that the 
gain in the wavelength range from 1300 to 1400 nm low- 
ers near at the end faces or facets (near at the positions of 
0 mm and 25 mm). As shown in Fig. 15, therefore, the 
light intensity at the output ends of the first to third chan- 
nels becomes lower than that in the other channels. 

[0042] pig. 16A shows the relation between an input light inten- 
sity and an output light intensity. The abscissa represents 
an input light intensity in the unit of "dBm" and the ordi- 
nate represents an output light intensity in the unit of 
"dBm". Numerical values appended to curves shown in Fig. 
16A represent the channel numbers. It can be seen that 
the output light intensity varies widely among the chan- 
nels and that the gains in the first to third channels are 
saturated remarkably. 

[0043] pig. 16B shows the relation between an input light inten- 
sity and a noise figure. The abscissa represents an input 



light intensity in the unit of "dBm" and the ordinate repre- 
sents a noise figure in the unit of "dB". It can be seen that 
the noise figure is degraded in the first to third channels 
having the remarkable gain saturation. The noise figure is 
degraded because the carrier inversion distribution be- 
comes incomplete due to the gain saturation. 
[0044] The gain saturation can be mitigated by the semiconduc- 
tor optical amplifiers of the embodiments described here- 
inunder. 

[0045] pig. 1 is a cross sectional view of a semiconductor optical 
amplifier of the first embodiment as viewed along a direc- 
tion parallel to the light propagation direction. On a sub- 
strate 1 made of n-type InP, a buffer layer 2 made of n- 
type InP and having a thickness of 100 to 200 nm is epi- 
taxially grown. The buffer layer 2 is used for providing an 
underlayer surface having good crystallinity. If the crys- 
tallinity of the substrate 1 is good, the butter layer 2 may 
be omitted. On the buffer layer 2, a clad layer 3 is formed 
which is made of n-type InP and has a thickness of 3 urn. 
The n-type impurity concentration of each of the sub- 

18 -3 

strate 1, buffer layer 2 and clad layer 3 is 1 x 10 cm for 
example. 

[0046] on the clad layer 3, an active layer 4 of 0.5 urn in thick- 



ness is formed. The active layer 4 contains quantum dots 
having a tensile strain. The structure of the active layer 4 
will be later described. 
[0047] on the active layer 4, a clad layer 5 of p-type InP is epi- 
taxially grown to a thickness of 3 urn. On the clad layer 5, 
a contact layer 7 is epitaxially grown which is made of p- 
type In Ga As and has a thickness of 0.5 urn. For ex- 

XK 0.53 0.47 K 

ample, the p-type impurity concentration of the clad layer 

18 -3 

5 is 1 x 10 cm and the p-type impurity concentration 

19 -3 

of the contact layer 7 is 1 x 10 cm . 
[0048] The epitaxial growth of these layers can be performed by 
molecular beam epitaxy (MBE) or metal organic chemical 
vapor deposition (MOCVD). If MBE is used, solid of each 
constituent element is used as a source material, i.e., Be is 
used as the p-type impurities and Si is used as the n-type 
impurities. If MOCVD is used, trimethylindium is used as 
the In source material, phosphine is used as the P source 
material, trimethylaluminum is used as the Al source ma- 
terial, triethylgallium is used as the Ga source material, 
diethylzinc is used as the Zn source material which is used 
as the p-type impurities, and disilane or the like is used 
as the Si source material which is used as the n-type im- 
purities. The growth temperature of the quantum dot 



layer is 450 °C and the growth temperature of the other 
layers is 600 to 700 °C. 

[0049] The optical amplifier of the first embodiment is sectional- 
ized into three regions Rl, R2 and R3 along the light 
propagation direction. The surfaces of the contact layer 7 
corresponding to the regions Rl, R2 and R3 are formed 
with p-side electrodes 9A, 9B and 9C, respectively. The p- 
side electrodes 9A, 9B and 9C are formed by depositing 
an electrode layer on the whole surface of the contact 
layer 7 and forming grooves shallower than the bottom of 
the contact layer along the boundaries of the regions Rl, 
R2 and R3. These grooves electrically separate the p-side 
electrodes 9A to 9C. An n-side electrode 8 is formed on 
the bottom of the substrate 1. The light input and output 
surfaces are coated with antireflection films 20A and 20B. 

[0050] pig. 2A is a cross sectional view taken along one-dot 

chain line A2-A2 shown in Fig. 1. The lamination structure 
from the substrate 1 to the contact layer 7 is the same as 
that described with reference to Fig. 1. The contact layer 7 
and clad layer 5 are partially etched to form a striped 
ridge structure. Insulating layers 10 cover the both sides 
of the ridge structure. The width of the ridge structure is 
several urn, the width of the substrate 1 is about 1 mm 



and the length thereof is about 0.3 to 30 mm. 

[0051] The n-side electrode 8 is formed on the bottom of the 

substrate 1 and the p-side electrode 9B is formed on the 
contact layer 7 and insulating layers 10. 

[0052] Although the optical amplifier shown in Fig. 2A has the 
ridge structure, it may have a buried type structure. 

[0053] pig. 2B is a cross sectional view of an optical amplifier 

having a buried structure. The lamination structure is the 
same as that of the ridge structure shown in Fig. 2A. In 
the case of the buried structure, the widths of the active 
layer 4 and the clad layers 3 and 5 in contact with the ac- 
tive layer are partially limited. In these width-limited re- 
gions, buried structures 11 are formed which have the 
light confinement effect and the current confinement ef- 
fect. The buried structure 11 includes, for example, an n- 
type InP layer in contact with the p-type clad layer 3 and a 
p-type InP layer in contact with the n-type clad layer 5. 

[0054] The buried structures are formed by growing the clad 
layer 5 to some thickness, thereafter forming a striped 
hard mask, etching both side regions of the hard mask, 
and selectively growing the buried structures. Thereafter, 
the clad layer 5 is grown to the remaining thickness and 
the contact layer 7 is grown. 



[0055] pig. 3A shows an example of the structure of the active 
layer 4. The active layer 4 has a barrier layer 41 made of 
undoped In (Al Ga ) As and lattice-matched with 

K 0.53 0.5 0.5 0.47 

the InP substrate, and a quantum dot layer 42 formed on 
the barrier layer 41 and made of In Ga As having a 

1 0.1 0.9 3 

smaller lattice constant and a narrower band gap than 
those of the barrier layer. The quantum dot layer 42 has a 
thickness of, e.g., one to six-atom layer. Since the quan- 
tum dot layer 42 is not lattice-matched with the underly- 
ing barrier layer 41, it is grown in the S-K mode and does 
not form a continuous and uniform film. 

[0056] pig. 3B schematically shows the structure of a quantum 
dot layer. Quantum dots 42 are formed on the underlying 
barrier layer 41 in a dispersed island pattern. For exam- 
ple, the quantum dot 42 has a diameter of about 20 nm 
on a plane surface and a thickness (height) of about 5 nm. 

[0057] Reverting to Fig. 3A, on the quantum dot layer 42, a bar- 
rier layer 43, a quantum dot layer 44, a barrier layer 45, a 
quantum dot layer 46 and a barrier layer 47 are stacked in 
this order. The structures of the quantum dot layers 44 
and 46 are the same as that of the quantum layer 42. The 
materials of the barrier layers 43, 45 and 47 are the same 
as that of the barrier layer 41. The thickness of each of 



the barrier layers 43 and 45 is about 30 nm. 

[0058] since the quantum dot layers 42, 44 and 46 have the band 
gap narrower than that of the barrier layer, the conduction 
band structure is as shown in the right area of Fig. 3A. 
The uppermost and lowermost barrier layers may be made 
thicker than the intermediate barrier layer. 

[0059] As shown in Fig. 3B, the barrier layer 43 buries the quan- 
tum dots 42 and becomes continuous with the underlying 
barrier layer 41. When quantum dots are grown in the S-K 
mode, a wetting layer may be formed between the barrier 
layers 43 and 41. 

[0060] | n the structure shown in Fig. 3A, three quantum dot lay- 
ers are buried in the barrier layers. The three quantum dot 
layers are made of the material having the lattice constant 
smaller than that of the barrier layer. Therefore, a tensile 
stress is generated in quantum dots 42. Namely the quan- 
tum dot layers 42, 44 and 46 are layers having a tensile 
strain. Although three quantum dot layers are formed in 
the example shown in Fig. 3A, the number of quantum 
dot layers can be selected as desired in the range from 1 
to about 20 layers. 

[0061] pig. 3C is a schematic diagram showing the band struc- 
ture of an active layer having five quantum dot layers. The 



band structure shows a conduction band lower edge c.b 
and a valence band upper edge v.b of an active layer AL 
and clad layers CL on both sides of the active layer. The 
lateral direction in Fig.3C corresponds to a laminating di- 
rection. The band gap is narrow in a quantum dot layer 
QD so that the radiative recombination of electrons and 
holes occurs preferentially in the quantum dot layer QD. 
The barrier layers BL and clad layers CL have a band gap 
broader than that of the quantum dot layer QD so that 
they are transparent to emission from quantum dots. 
[0062] Description continues by reverting to Fig. 1. The p-side 
electrode 8 is grounded. A power supply 15 applies a 
voltage to the electrode 9B formed on the surface of the 
region R2. A power supply 16 applies a voltage to the 
electrodes 9A and 9C formed on the surfaces of the re- 
gions Rl and R3. Upon application of the voltages, current 
is injected into the active layer 4. The electrode 9B on the 
region R2 is electrically separated from the electrodes 9A 
and 9C on the regions Rl and R3. It is therefore possible 
to inject current independently into the active layer 4 in 
the region R2 and into the active layer 4 in the regions Rl 
and R3. 

[0063] The following description is directed to a suitable magni- 



tude of injection current. 

[0064] pig. 4 shows a current density dependency of a gain coef- 
ficient per unit length of the active layer 4. The abscissa 
represents a density of injection current into the active 
layer in the unit of "A/mm" and the ordinate represents a 
gain per unit length (gain coefficient) in the unit of "cm -1 ". 

[0065] Levels of electrons and holes in a quantum dot are dis- 
tributed dispersively. For example, electron levels in the 
conduction band include a ground level, a second level, a 
third level, and higher levels. Similarly, hole levels in the 
valence band include a ground level, a second level, a 
third level, and higher levels. Transition of carriers be- 
tween these levels stimulates light emission. 

[0066] Since there are a plurality of electron and hole levels, 

there are a plurality of transition wavelengths of quantum 
dots. The longest transition wavelength corresponds to an 
energy difference between an electron ground level and a 
hole ground level. A transition wavelength associated with 
higher order levels is shorter than the transition wave- 
length associated with ground levels. Which pairs of an 
electron level and a hole level correspond to the second 
and third longest transition wavelengths is determined by 
the material, structure and the like of quantum dots and 



barrier layers. 

[0067] Third and higher order levels are very near each other so 
that the third longest transition wavelength may corre- 
spond to transition associated with these higher order 
levels. 

[0068] Curves "Gnd", "2nd" and "Up" shown in Fig. 4 indicate the 
gain coefficients of light having the longest transition 
wavelength (first transition wavelength), second longest 
transition wavelength (second transition wavelength) and 
third longest transition wavelength (third transition wave- 
length) respectively of quantum dots. The gain coeffi- 
cients indicated by "Gnd", "2nd" and "Up" are called a first 
gain coefficient, a second gain coefficient and a third gain 
coefficient, respectively. The gain coefficient is a value at 
the wavelength at which the highest light emission inten- 
sity is obtained by the transition between energy levels 
corresponding to each transition wavelength. 

[0069] it can be seen that as the injection current is increased, 

the gain coefficient becomes large. However, how the gain 
coefficient changes is different among the first to third 
gain coefficients. At the point that the current density is J 
i , the first gain coefficient curve "Gnd" crosses the second 
gain coefficient curve "2nd". In the region where the cur- 



rent density is lower than J , the first gain coefficient 
"Gnd" is larger than the second gain coefficient "2nd", 
whereas in the region where the current density is higher 
than J i> the second gain coefficient "2nd" is larger than 
the first gain coefficient "Gnd". 
[0070] At the point that the current density is ]^ the second gain 
coefficient curve "2nd" crosses the third gain coefficient 
curve "Up". In the region where the current density is 
lower than J , the second gain coefficient "2nd" is larger 
than the third gain coefficient "Up", whereas in the region 
where the current density is higher than }^ the third gain 
coefficient "Up" is larger than the second gain coefficient 
"2nd". 

[0071] Consider now the optical amplifier wherein it is sectional- 
ized into three regions along the light propagation direc- 
tion and current can be injected independently into the 
active layer in the three regions. The three regions are 
called first, second and third regions and their lengths are 
represented by L(l), L(2) and L(3), respectively. The first, 
second and third gain coefficients in the m-th region are 
represented by g(gnd, m), g(2nd, m) and g(up, m), re- 
spectively. By selecting the length of each region and the 
current density in each region so as to satisfy the follow- 



ing equation (1), the gains of light having the first to third 
transition wavelengths can be made equal. Namely, the 
wavelength dependency of a gain can be made small. 

£z,(m)g(g/«/,m)= £L(m)g(2m/,m)= £z,(m)g(wp,m) ...(1) 

m=\,2,3 m=U,3 m=l,2,3 

[0072] | n order to satisfy the equation (1), it is sufficient if the 
following formula (2) is satisfied. 

Z(1):Z(2):Z(3) = 

(g(gnd,2) - g(up,2))(g(gnd,3) - g(2nd,3)) - (g(gnd,2) - g(2nd,2))(g(gnd,3) - g(up,3)) : 
(g(gnd,l) - g(2ndMg(gnd,3) - g(up,3)) - (g(gnd,l) - g(up,l))(g(gnd,3) - g(2nd,3)) : 
(g(gnd,l) - g(up,l))(g(gnd,2) - g(2nd,2)) - (g(gnd,2) - g(up,2))(g(gnd,\) - g(2nd,l)) 

... (2) 

For example, assuming that the current densities in the 
first to third regions are 0.1 A/mm, 0.014 A/mm and 
0.00475 A/mm, respectively, the lengths L(l), L(2) and 
L(3) are respectively 41.3 %, 0.7 % and 58 % of the full 
length of the optical amplifier. The length L(2) is very 
short relative to the full length of the optical amplifier so 
that the second region may be omitted. 
In the optical amplifier shown in Fig. 1, it is assumed that 
the current densities in the regions Rl and R3 are 
0.00475 A/mm and the current density in the region R2 is 
0.1 A/mm. Namely, the regions Rl and R3 correspond to 



[0073] 



[0074] 



the third region having the length L(3) and the region R2 
corresponds to the first region having the length L(l). If 
the optical amplifier has a full length of about 25 mm, the 
total length of the regions Rl and R3 are about 14.5 mm 
and the length of the region R2 is about 10.4 mm. Al- 
though the total length of the regions Rl to R3 is not 25 
mm because of omission of the second region, this differ- 
ence can be absorbed by finely adjusting the total length 
of the optical amplifier or each region. 

[0075] pig. 5 shows the distribution of gain coefficients of the 

optical amplifier of the first embodiment. Fig. 6 shows the 
distribution of light intensities in the active layer of the 
optical amplifier of the first embodiment. In Figs. 5 and 6, 
the abscissa represents a wavelength in the unit of "nm" 
and the ordinate represents a position in the unit of "mm" 
along the light propagation direction. The lower sides in 
Figs. 5 and 6 correspond to the input end face, and the 
upper sides correspond to the output end face. The gain 
coefficient is indicated by shading. 

[0076] it can be seen from the comparison between Figs. 6 and 
15 that the light intensity near at the wavelength of 1200 
nm of the first embodiment shown in Fig. 6 is weaker than 
that shown in Fig. 15 and light amplification in this wave- 



length range is suppressed. This is because the lengths of 
the regions Rl and R3 having a high current density are 
shorter than those of Fig. 15 (in Fig. 15, current having 
the same current density as that in the regions Rl and R3 
is injected into all the regions). 

[0077] | t can De seen f rom t he comparison between Figs. 5 and 
14 that a dark area near at the end faces of the first em- 
bodiment shown in Fig. 5 in the wavelength range from 
1300 to 1400 nm is smaller than that shown in Fig. 14. In 
this dark area, a desired gain coefficient is not obtained 
because the gain is saturated, although the injected cur- 
rent density is high. 

[0078] | n the first embodiment, since light amplification near at 
the wavelength of 1200 nm is suppressed, gain saturation 
is hard to occur in the wavelength range from 1300 to 
1400 nm. 

[0079] pig. 7 A shows the relation between an output light inten- 
sity and an input light intensity of the optical amplifier of 
the first embodiment. It can be seen from the comparison 
between Figs. 7 A and 16A that the output characteristics 
of the first to third channels among others are improved. 

[0080] pig. 7B shows the relation between an input light intensity 
and a noise figure of the optical amplifier of the first em- 



bodiment. It can be seen from the comparison between 
Figs. 7B and 16B that the noise characteristics are im- 
proved remarkably. 

[0081] | n the embodiment described above, the current densities 
in the regions Rl and R3 are set to 0.1 A/mm and the 
current density in the region R2 is set to 0.00475 A/mm. 
One of these two current densities is lower than the cur- 
rent density at the cross point between the first and sec- 
ond gain coefficient curves "Gnd" and "2nd" shown in Fig. 
4, whereas the other is higher than that at this cross 
point. Similarly, one of these current densities is lower 
than that at the cross point between the second and third 
gain coefficient curves "2nd" and "Up", whereas the other 
is higher than that at this cross point. 

[0082] one of the current densities in two regions of the active 
layer is set lower than the current density at a cross point 
between two gain coefficient curves at two transition 
wavelengths, and the other is set higher than that at the 
cross point. If the gain coefficient at the first transition 
wavelength in one region of the active layer is high, the 
gain coefficient at the second transition wavelength in the 
other region is high. In this manner, it is possible to re- 
duce a gain coefficient difference between two transition 



wavelengths. 

[0083] pig. 8 is a cross sectional view of an optical amplifier ac- 
cording to the second embodiment. The lamination struc- 
ture of the optical amplifier of the second embodiment is 
the same as that of the first embodiment. In the first em- 
bodiment shown in Fig. 1, although the optical amplifier is 
sectionalized into three regions Rl to R3, in the second 
embodiment the optical amplifier is sectionalized into 
nine regions Rll to R19. Electrodes 19A to 191 are formed 
on the contact layer 7 in the regions Rll to R19. 

[0084] T he electrodes 19A, 19C, 19E, 19G and 191 are connected 
to a power supply 16, and the other electrodes 19B, 19D, 
19F and 19H are connected to another power supply 15. 
The total length of the regions Rll, R13, R15, R17 and 
R19 is equal to the total length of the regions Rl and R3 
of the optical amplifier of the first embodiment shown in 
Fig. 1. The total length of the regions R12, R14, R16 and 
R18 is equal to the length of the region R2 of the optical 
amplifier of the first embodiment. 

[0085] Current is injected from the power supply 16 at a current 
density of 0.1 A/mm in the regions Rll, R13, R15, R17 
and R19. Current is injected from the power supply 15 at 
a current density of 0.00475 A/mm in the regions R12, 



R14, R16 and R18. 

[0086] pig. 9 shows the distribution of gain coefficients of the 
optical amplifier of the second embodiment. Fig. 10 
shows the distribution of light intensities in the active 
layer of the optical amplifier of the second embodiment. 
In Figs. 9 and 10, the abscissa represents a wavelength in 
the unit of "nm" and the ordinate represents a position in 
the unit of "mm" along the light propagation direction. 
The lower side in Figs. 9 and 10 corresponds to the input 
end face, and the upper side corresponds to the output 
end face. The gain coefficient is indicated by shading. 

[0087] it can be seen from the comparison of Fig. 10 with Fig. 6 
that the light intensity in the wavelength range from 1100 
to 1200 nm is weak. In the second embodiment, since 
each of the regions having a high current density (e.g., re- 
gions Rll, R13,...) is short, the light intensity does not 
rise too high even if light in the wavelength range from 
1100 to 1200 nm is amplified in the regions having the 
high current density. It is therefore possible to prevent 
light in the wavelength range from 1100 to 1200 nm from 
being amplified excessively. If light in the wavelength 
range from 1100 to 1200 nm is amplified too much, gain 
saturation occurs. 



[0088] As seen from Fig. 9, the gain coefficient in the regions 

Rll to R19 is generally constant along the light propaga- 
tion direction (vertical direction in Fig. 9). Namely, there is 
no gain saturation. This is because light amplification is 
suppressed in the wavelength range from 1100 to 1200 
nm. 

[0089] pig. 11A shows the relation between an output light in- 
tensity and an input light intensity of the optical amplifier 
of the second embodiment. It can be seen from the com- 
parison of Fig. 11A with Fig. 7 A that the output character- 
istics are improved remarkably. 

[0090] pig. 11B shows the relation between an input light inten- 
sity and a noise figure of the optical amplifier of the sec- 
ond embodiment. It can be seen from the comparison of 
Fig. 11B with Fig. 7B that the noise characteristics are im- 
proved considerably. 

[0091] Fig. 12B shows a change in an output light intensity with 
time when an optical signal is input to each channel. The 
abscissa represents a lapse time in the unit of "ps", the 
ordinate represents a wavelength in the unit of "nm", and 
the height represents a light intensity in the unit of "dBm". 
It can be seen that crosstalk between channels hardly oc- 
curs and multiple optical signals can be amplified at the 



same time. 

[0092] | n the second embodiment, a plurality of regions 

(sections) with a first current density being set are dis- 
posed and a plurality of regions with a second current 
density being set are disposed. One region with the sec- 
ond current density being set is disposed between the two 
regions with the first current density being set. With this 
configuration, the length of one section is short so that 
excessive amplification of light in a particular wavelength 
range can be suppressed and gain saturation can be pre- 
vented. 

[0093] | n the first and second embodiments, each of a plurality of 
regions (sections) sectionalizing the active layer belongs 
to one group selected from two groups and the current 
density in each section belonging to the same group is the 
same. Three or more groups of sections each having the 
same current density may be prepared to make each sec- 
tion of the active layer belong to one group selected from 
three or more groups. 

[0094] ^ this case, it is preferable to adopt the configuration that 
between two sections belonging to the same group, one 
section per each of the other groups is disposed. If there 
are two groups with the same current density being set, 



one section belonging to one group and one section be- 
longing to the other group are alternately disposed. 
[0095] | n the above-described embodiments, although a semi- 
conductor optical amplifier whose active layer has quan- 
tum dots is used, an active layer having the quantum 
structure different from quantum dots may be used. For 
example, an active layer which contains quantum wires or 
quantum dashes may also be used. In this case, a quan- 
tum wire means a wire region having a low potential and 
made narrow to such an extent that the carrier levels be- 
come disperse. A quantum dash means a quantum wire 
minutely cut. 

[0096] | n the above-described embodiments, it is assumed that 
the size of each quantum dot is approximately the same 
throughout the active layer. As shown in Fig. 17, the size 
of each quantum structure 42 such as a quantum dot may 
be changed along the light propagation direction. As the 
size of the quantum structure changes, the shape of a 
gain spectrum also changes so that the gain changes with 
a position in the active layer. Namely, advantageous ef- 
fects similar to those of changing the current density de- 
scribed in the above embodiments can be obtained. 

[0097] The present invention has been described in connection 



with the preferred embodiments. The invention is not lim- 
ited only to the above embodiments. It will be apparent to 
those skilled in the art that other various modifications, 
improvements, combinations, and the like can be made. 



